Bioenergetics model is applied to Japanese common squid, Todarodes pacificus. The 18 temporal change of wet weight of common squid, which migrates in the Sea of Japan, 19 is simulated. The time dependent horizontal distribution of prey is calculated a priori 20 by 3-D coupled physical-biological model. The biological model NEMURO (North 21 Pacific Ecosystem Model for Understanding Regional Oceanography) is used to 22 simulate the lower-trophic ecosystem including three kinds of zooplankton biomass 23 two of which is used as prey of common squid. A bioenergetics model reproduced 24 appropriate growth curve of common squid, migrating in the North Pacific and the Sea 25 of Japan. The results show that the wet weight of common squid in the northern Sea of 26 Japan is heavier than that migrating in the central Sea of Japan, because prey density of 27 the northern Sea of Japan is higher than that of the central Sea of Japan. We also 28 investigate the wet weight anomaly for a global warming scenario. In this case, wet 29 weight of common squid decreases because water temperature exceeds the optimum 30 temperature for common squid. This result indicates that migration route and spawning 31 area of common squid might change with global warming.
Growth 24
The growth rate of an individual common squid is calculated as wet weight (W) 25 increment per wet weight per day:
where C is the consumption (g prey g squid -1 day -1 ), R is the respiration or losses 28 through metabolism (g prey g squid -1 day -1 ), SDA is the specific dynamic action or 29 losses due to energy costs of digesting food (g prey g squid -1 day -1 ), F is the egestion or 30 losses due to feces (g prey g squid -1 day -1 ), E is the excretion or losses of nitrogenous 31 excretory wastes (g prey g squid -1 day -1 ), and CAL z and CAL f are the caloric 32 equivalent of zooplankton (cal g zooplankton -1 ) and common squid (cal g squid -1 ), 33 respectively. CAL z is 617.00 (cal g prey -1 ), which is the same value as that of Megrey where r C is the total available consumption rate without temperature effects (g prey g 15 squid -1 day -1 ), ) (T f c is the temperature dependence function for the consumption, T 16 is the water temperature (°C), j and k are the prey types (ZS or ZP, see Table 2 in 17 detail), i is the predator type (life stage of common squid), MAX C is the maximum 18 consumption rate dependant on the common squid wet weight (g prey g squid -1 day -1 ),
19
PD ij is the density of prey type j (g wet weight m -3 ), υ ij is the vulnerability of prey type 20 j to predator i (0 or 1; dimensionless), K ij is the half saturation constant (g wet weight 21 m -3 ) for individual predator type i feeding on prey type k, and a c and b c are the 22 intercept and slope of the allometric mass function for consumption, respectively. The 23 formula for C MAX is different from that in Megrey et al. (2007) for simplicity.
24
The consumption is linearly dependent on the wet weight and nonlinearly 25 dependent on the prey zooplankton density and temperature, according to equations 26 above. The detailed values of the parameters are shown in Table 1 . The maximum 27 consumption rate is referred to experimental data by Sakurai et al (1993) . Their data 28 showed that the maximum daily feeding rate was 38.2g of food ingested by a 186g 29 common squid, or 20.5% of the body wet weight. Equation (5) was derived from a relationship between the maximum daily feeding rate and estimated body wet weight 1 in each common squid for weights ranging from 141 to 413g during a 4-day 2 experiment from 8 to 12 August, 1990 (Sakurai et al 1993 . The adapted curve of the 3 maximum consumption w*C max (g prey day -1 ) is shown in Fig.1 . Model results of ZS 4 and ZP biomass from NEMURO were used as prey for common squids. Modeled water 5 temperature by Hashioka and Yamanaka (2007a) was applied to this study.
6
Temperature dependence in the bioenergetics model f c is generally modeled as a 7 dome-shaped curve proposed by Thornton and Lessem (1978) . The Thornton and 8 Lessem function is the product of two sigmoid curves: one fits the increasing segment 9 (gcta) and the other fits the decreasing segment (gctb) of the temperature dependence 10 function: 
where te1 and te2 is the lower and higher water temperature in the increasing segment 25 at which the temperature dependence is the small fraction xk1 (0.1) and the large temperature dependence is the large fraction xk3 (0.98) and the small fraction xk4 (0.1) 1 of the maximum consumption rate, respectively. See Table 1 for values of xk1, te1, te2, 2 xk4, te4, and te3. The preferable temperature for the common squid habitat is obtained 3 from Kasahara (1989) . Although experiments to investigate the temperature effect on 4 the consumption rate must be conducted, we have no data at this moment. Therefore, 5 we speculated the curve using habitat temperature of common squid. The maximum 6 temperature te4 at which common squids can survive was set to be 23ºC (Sakurai, 7 personal communication based on laboratory experiment). Consequently, we set te1 8 through te4, as is shown in Table 1 and Fig. 2 (Sakurai, personal communication). The respiration nonlinearly depends on the wet weight and the temperature, and the 12 swimming speed dependant on the wet weight,
where R a is the intercept of the allometric mass function and represents the specific 17 weight of the oxygen consumption rate of a 1g common squid at 0 ºC without activity
is the swimming dependence function for the 19 respiration, U is the swimming speed (cm s -1 ), b R is the slope of the allometric mass 20 function for the standard metabolism, c R is the coefficient relating temperature to the 21 metabolism, d R is the coefficient relating the swimming speed to the metabolism, a A is 22 the intercept of the allometric mass function, b A is the slope of the allometric mass 23 function with the standard swimming speed.
24
The coefficient of 2.629 is used to convert (g O 2 g squid -1 day -1 ) into (g prey g The respiration nonlinearly depends on the body wet weight, temperature and 32 swimming speed which also depends on the wet weight. The energy loss due to the respiration of squids is not known for the Japanese common squid, but a pelagic squid 1 Illex illecebrosus can be substituted for the Japanese common squid. In this study, the Consequently, c R in Eq. (15) is set to be smaller than that of Illex illecebrosus. Fig. 3   7 shows (A) a relationship between the wet weight on the water temperature at 15ºC and 8 the respiration rate per day (g prey g squid -1 day -1 ), and (B) the respiration (g prey 9 day -1 ) in the case of 15ºC water temperature. Oxygen consumption of the Japanese 10 common squid was estimated at 470mg O 2 kg -1 h -1 (=0.0589 g prey g squid -1 day -1 ) for 11 a 300g squid, which coincides with an experimental value (HITEC, 2001) .
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Specific dynamic action (SDA), excretion (E), egestion or loss due to feces (F) 14 Specific dynamic action is part of the total respiration and represents the energy 15 allocated to not only the digestive processes of food, principally the deamination of 16 proteins but also the absorption, transportation, and deposition of food (Beamish, 17 1974). We formulated the specific dynamic action as:
19 where S is the proportion of assimilated energy by the specific dynamic action, C is the 20 consumption and F is the egestion or loss due to feces. The egestion (F) is modeled as 21 a constant proportion a F of consumption and the excretion (E) is as a constant 22 proportion a E of (C-F). five stages based on its mantle length. We divided 5 th stages into two categories, before According to Kidokoro and Hiyama (1996) , the clear difference of body size was PF is 190g and that at the north of the PF is 267g, the ages of which were almost 240 33 days. The simulated wet weight on 240 days after the hatch (at the beginning of July) 34 is around 230g for TG and 320g for SG, respectively ( Fig. 5 (C) ). The modeled wet
Model results show that the energy loss by the respiration is notably higher for 23 TG than for SG in April though July (Fig. 12) when the growth rate of fall-spawned 24 group is relatively high. The energy loss by the respiration is strongly dependent on the 25 water temperature (Eq. 15), and therefore, the energy loss is high during the period 26 when the water temperature is relatively high.
27
The model results suggest that global warming presumably affects the 28 growth of common squids with higher water temperature, especially for TG. Global 29 warming may yield the water temperature on the migration route which is closer to, or 30 even higher than the maximum water temperature for the growth of common squids in 31 rapidly-growing larvae, juvenile, young and adult stages ( The numerals indicate the date when common squid arrives at the point. northward migration along the 142°E line (see Table 3 ). Table 3 . Northward migration route and limit of northwan routes (P-1, P-2 and P-3). 
